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(54) Manufacturing method for monolithic piezoelectric part, and monolithic piezoelectric part 



(57) A monolithic piezoelectric part, capable of 
yielding a high piezoelectric d constant and suppressing 
reduction in reliability such as deterioration in insulation 
resistance, can be obtained by a method for manufac- 
turing a monolithic piezoelectric part wherein a piezoe- 
lectric ceramic body is formed of aperovskite compound 
oxide expressed by the general Formula of AB0 3 , and 
the molar quantity of the A site component, Pb f is re- 
duced by 0.5 mo 1% to 5.0 mol% from that of the stoichi- 
ometric composition, ceramic raw materials are com- 



bined so that the average valence of the B site compo- 
nent is greater than quadrivalent which is the same as 
the stoichiometric composition to synthesize the ceram- 
ic powdered raw material, which is processed subse- 
quently to fabricate a layered article, and the layered 
article is subjected lo sintering processing within an at- 
mosphere wherein the oxygen concentration is 5% or 
less but more than 0% by volume. 
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Description 

BACKGROUND OF THE INVENTION 

5 1. Field of the Invention 

[0001 ] The present invention relates to a method for manufacturing a monolithic piezoelectric part and the monolithic 
piezoelectric part itself, and more particularly, relates to a method for manufacturing a monolithic piezoelectric part 
such as a monolithic piezoelectric actuator, a monolithic piezoelectric audio emitter, or a monolithic piezoelectric sensor, 
to wherein the layers are reduced in thickness and increased in number, and a high piezoelectric d constant (distortion 
constant) is required, and the monolithic piezoelectric part manufactured by the above method, 

2. Description of the Related Art 

15 [0002] In recent years, piezoelectric parts such as piezoelectric actuators, piezoelectric audio emitters, piezoelectric 
sensors, piezoelectric transformers, and so forth, which use the piezoelectric properties of ceramic materials, have 
come into widespread use for mobile communication equipment, audio-visual equipment, office automation equipment, 
and so forth. 

[0003] Further, as of recent, development of monolithic piezoelectric parts is being actively undertaken from the 
20 perspective of reducing the size of electronic parts and improving the piezoelectric properties thereof, and particularly, 
attempts are being made to reduce the size of electronic parts and improve the piezoelectric properties thereof by 
reducing the thickness of the layers of the ceramic sheets which make up the monolithic piezoelectric parts and in- 
creasing the number of the ceramic sheets. 

[0004] However, with arrangements wherein the layers of monolithic piezoelectric parts are reduced in thickness or 
25 increased in number, internal electrode materials such as Ag disperse within the ceramic body, leading to deterioration 
of the piezoelectric properties thereof and poorer reliability. 

[0005] To deal with this problem, a technique wherein a ceramic other than a piezoelectric article and a material for 
internal electrodes are sintered together in a iow-oxygen atmosphere has been proposed, as a method for suppressing 
dispersion of the internal electrode material such as Ag within the ceramic body (Japanese Patent No. 2,676,620, 
30 Japanese Examined Patent Application Publication No. 6-2001 4, Japanese Unexamined Patent Application Publication 
No, 2-122598), 

[0006] The aforementioned documents disclose the sintering process in a low-oxygen atmosphere (e.g. , with oxygen 
concentration of 50,000 ppm or lower) which reduces the activation of Ag serving as the internal electrode material, 
and thus suppresses dispersion of Ag to the ceramic body at the time of sintering. 
35 [0007] Also, as a conventional art regarding piezoelectric ceramics, a technique has been proposed wherein the 
amount of Ag dispersed is controlled by the concentration of oxygen within the furnace at the time of sintering. (Jap- 
anese Unexamined Patent Application Publication No. 11-1 63433 and Japanese Unexamined Patent Application Pub- 
lication No. 11-274595). 

[0008] These documents disclose a hard-type piezoelectric ceramic material with a small piezoelectric d constant 
40 and a high mechanical quality coefficient Qm as a material for a piezoelectric transformer or the like, wherein good 
transformer properties are obtained by making the A site component volume of the perovskite compound oxide ex- 
pressed with a general formula of AB0 3 greater than that of the stoichiometric composition, using an internal electrode 
material wherein the ratio by weight of Ag and Pd is within the range of 60/40 to 80/20 for Ag/Pd, and sintering within 
an atmosphere wherein the oxygen concentration is 1% or more. 
45 [0009] However, in the event that the technique disclosed in Japanese Patent No. 2,676,620, Japanese Examined 
Patent Application Publication No. 6-20014, and Japanese Unexamined Patent Application Publication No. 2-122598, 
is applied to a Pb perovskite piezoelectric ceramic material, the piezoelectric d constant is conspicuously deteriorated 
since sintering within a low-oxygen atmosphere promotes generation of oxygen pores. Particularly, deterioration of the 
piezoelectric d constant is so remarkable when the oxygen concentration is reduced to less than 1% by volume (here- 
50 after, the unit "% by volume" will be represented by "vol%") or when a soft piezoelectric ceramic material with a high 
piezoelectric d constant is used, that its application is difficult to monolithic piezoelectric parts such as monolithic pie- 
zoelectric actuators, monolithic piezoelectric audio emitters, monolithic piezoelectric sensors, or the like, wherein a 
high piezoelectric d constant is required, 

[0010] Also, in Japanese Unexamined Patent Application Publication No. 11-163433 and Japanese Unexamined 
55 Patent Application Publication No. 11-274595, an internal electrode material wherein the ratio by weight of Ag and Pd 
is within the range of 60/40 to 80/20 for Ag/Pd is used, but in the event that the amount of Ag, less expensive than Pd, 
is increased to 80% by weight (hereafter, rt % by weight" will be represented by "wt%") in order to reduce the cost of 
the electrode material, the amount of Ag dispersion also increases, so formation of oxygen pores is promoted and the 
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piezoelectric d constant and the insulation resistance are probably deteriorated. 

[001 1 ] Further, white Japanese Unexamined Patent Application Publication No. 1 1 -1 63433 and Japanese Unexam- 
ined Patent Application Publication No. 11 -274595 disclose a monolithic piezoelectric transformer obtained by layering 
ceramic sheets of 80 to 100 jam in thickness, further reduction in thickness of the ceramic sheets also increases the 

5 amount of Ag dispersion, which ieads to further deterioration of the piezoelectric properties and the insulation resist- 
ance. These aJso disclose use of a hard-type piezoelectric ceramic material with a high mechanical quality coefficient 
Qm since the primary object is a piezoelectric transformer, but a piezoelectric actuator, a piezoelectric audio emitter, 
a piezoelectric sensor, and so forth, require use of a soft piezoelectric ceramic material with a high piezoelectric d 
constant. However, there has been the problem that with such soft piezoelectric ceramic materials, when the amount 

10 of Ag contained in the internal electrode material is increased, the thickness of the layers of ceramic sheets is reduced, 
or the number of the layers thereof is increased, formation of oxygen pores is further promoted by dispersion of Ag 
within the piezoelectric ceramic particles and sintering within a low-oxygen atmosphere, to result in a marked reduction 
in the piezoelectric d constant. 

15 SUMMARY OF THE INVENTION 

[0012] The present invention has been made in light of such problems, and its object is to provide a method for 
manufacturing monolithic piezoelectric parts wherein a high piezoelectric d constant can be obtained and reduction in 
reliability such as deterioration in insulation resistance can be suppressed even when layers are reduced in the thick- 
20 ness or increased in the number, or an internal electrode material containing a high percentage of Ag is used, and a 
highly reliable monolithic piezoelectric part with excellent piezoelectric properties. 

[0013] Committed research by the present inventors to achieve the above objects revealed that with a perovskite 
compound oxide expressed by a general formula of AB0 3 , generating a piezoelectric ceramic powdered raw material 
wherein the molar quantity of the A site component has been reduced by 0.5 mol% to 5.0 mol% from that of the 

25 stoichiometric composition, then fabricating a layered article with the piezoelectric ceramic powdered raw material, 
and subjecting this to sintering processing within an atmosphere wherein the oxygen concentration is 5.0% by volume 
or less, allows a monolithic piezoelectric part with a high piezoelectric d constant as well as a good reliability to be 
obtained even in the event of reducing the thickness or increasing the number of layers of the ceramic green sheets, 
or using an internal electrode material containing Ag at 80 wt% or higher 

30 [0014] The present invention has been made based on such a standpoint, and the method for manufacturing a 
monolithic piezoelectric part according to the present invention is a method lor manufacturing a monolithic piezoelectric 
part which has a plurality of piezoelectric ceramic layers and internal electrode layers disposed with the piezoelectric 
ceramic layers introduced therebetween, wherein the piezoelectric ceramic making up the piezoelectric ceramic layers 
is formed of a perovskite compound oxide expressed by a general formula of ABO s , containing at least Pb for the A 

35 site component and at least Ti for the B site component; the method comprises the betow steps: a powdered raw 
material generation step for generating a piezoelectric ceramic powdered raw material wherein the molar quantity of 
the A site component has been reduced by 0.5 mol% to 5.0 mol% from that of the stoichiometric composition, a layered 
article fabrication step for fabricating a layered article with the piezoelectric ceramic powdered raw material, and a 
sintering step for subjecting the layered article to sintering processing within an atmosphere wherein the oxygen con- 

40 centration is 5% by volume or less except 0% by volume. 

[0015] According to this manufacturing method, reduction in the molar quantity of the A site component by a prede- 
termined amount forms pores (A site loss) at A site component positions, whereby oxygen pores formed by sintering 
in the low-oxygen atmosphere and by dispersion of the internal electrode material are compensated for by the A site 
loss, to suppress reduction in the piezoelectric d constant, 

^5 [001 6] Also, committed research by the present inventors revealed that the use of a piezoelectric ceramic powdered 
raw material wherein ceramic raw materials have been prepared so that the average valence of the B site component 
is greater than that of the stoichiometric composition allows a monolithic piezoelectric part with an even higher piezo- 
electric d constant as well as an excellent insulation resistance to be obtained. 

[0017] That is to say, with the method for manufacturing a monolithic piezoelectric part according to the present 
50 invention, in the powdered raw material generation step, the ceramic raw material making up the A site component 
and the ceramic raw material making up the B site component may be combined so that the average valence of the B 
site component is greater than that of the stoichiometric composition. 

[0018] Also, with the method for manufacturing a monolithic piezoelectric part according to the present invention, 
the B site component may further contain Ti, Zr, and ions other than Ti and Zr; with the piezoelectric ceramic powdered 
55 raw material generated by controlling the average valence of the B site component so as to satisfy 
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[Expression2], 
[0019] 

5 

[Expression2] 



i 

4.000<^ <4. 

2 b, 

n — 1 



20 wherein the valence of ions M n (n = 1 , 2, 3 i) included in the B site component is represented as an (n = 1 , 

2, 3, i), and the molar ratio of M n is represented as b n (n = 1 , 2, 3, .... i). 

[0020] According to this manufacturing method, the average valence of the B site component is greater than quad- 
rivalent which is the stoichiometric composition, but less than 4 A 00, so the A site loss can be formed more effectively 
with no loss in sinterability : and the A site loss compensates for the dispersion of Ag and the oxygen pores generated 
25 by sintering in the low-oxygen atmosphere, whereby reduction in the piezoelectric d constant and deterioration of the 
insulation resistance can be suppressed even more effectively. 

[0021] Also, with the method for manufacturing a monolithic piezoelectric part according to the present invention, in 
the powdered raw material generation step, the molar quantity of Pb included in the A site component may be reduced 
by 0,5 mo(% to 5.0 mol% from that of the stoichiometric composition. 

30 [0022] Thus, according to this manufacturing method, the pores are formed at the Pb position of the crystal structure 
(hereafter, these pores will be referred to as "Pb pores") by reducing the molar quantity of Pb by a predetermined 
amount, and the Pb pores compensate for the oxygen pores generated by sintering in the low-oxygen atmosphere and 
dispersion of the internal electrode material, whereby reduction in the piezoelectric d constant can be suppressed. 
[0023] Moreover, with the method for manufacturing a monolithic piezoelectric part according to the present invention, 

35 the B site component may also contain Nb, and the B sile component may contain also Nb and Ni. 

[0024] Thus, according to this manufacturing method, inclusion of quinquevalent Nb as a donor ion, or suitable prep- 
aration of the amount of quinquevalent Nb and bivalent Ni so as to have a donor excess effect allows the average 
"valence of the Bsite component to be greater than quadrivalent, thereby promotes formation of Pb pores compensating 
for oxygen pores, to manufacture a monolithic piezoelectric part with a high piezoelectric d constant wherein deterio- 

<to ration of insulation resistance can be suppressed. 

[0025] Moreover, with the method for manufacturing a monolithic piezoelectric part according to the present invention , 
the B site component may also contain at least one or more components selected from Nb, Sb, Ta and W, and the B 
site component may also contain at least one or more components selected from Ni, Cr, Co and Mg. 
[0026] Thus, according to this manufacturing method, inclusion of quinquevalent Nb. Sb and Ta or sextvalent W as 

45 a donor ion, or suitable preparation of quinquevalent Nb t Sb and Ta, and/or sexivaient W, and bivalent Ni, Co and Mg, 
and/or tervalent Cr, so as to have a donor excess effect by which the average valence of the B site component is 
greater than quadrivalent, promotes formation of Pb pores compensating for oxygen pores, to manufacture a monolithic 
piezoelectric part with a high piezoelectric d constant wherein deterioration of insulation resistance can be suppressed, 
the same as described above. 

so [0027] Moreover, the layered article fabrication step may comprise a ceramic green sheet fabrication step for forming 
the piezoelectric ceramic powdered raw material into a sheet form so as to fabricate a ceramic green sheet, a step for 
forming an electrode pattern on the ceramic green sheet with an electroconductive paste for internal electrodes, and 
a step for. layering the ceramic green sheets upon which the electrode patterns have been formed so as to form a 
layered article. 

55 [0028] Further, with the method for manufacturing a monolithic piezoelectric part according to the present invention, 
the electroconductive paste may contain Ag as a primary component. 

[0029] Thus, according to this manufacturing method, even in the event that Ag, which is less expensive than Pd or 
the like, occupies the greater portion of the internal electrode material, the Pb pores compensate for the oxygen pores 
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generated by dispersion of Ag, so deterioration of the piezoelectric d constant and the insulation resistance can be 
avoided. 

[0030] Further, the monolithic piezoeJectric part according to the present invention may be manufactured by the 
above-described method, 

5 [0031] According to the above structure, a highly-reliable monolithic piezoelectric part with a high piezoelectric d 
constant and excellent insulation resistance can be obtained. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 [00321 

Fig. 1 is a cross-sectional diagram illustrating an embodiment (first embodiment) of a monolithic piezoelectric 
actuator serving as a monolithic piezoelectric part according to the present invention; 

Fig. 2 is a cross-sectional diagram illustrating a monolithic piezoelectric audio emitter as a second embodiment of 
15 the monolithic piezoelectric part; and 

Fig, 3 is a cross-sectional diagram illustrating a monolithic piezoelectric sensor as a third embodiment of the mon- 
olithic piezoelectric part. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

20 

[0033] Next, embodiments of the present invention will be described. 

[0034] Fig. 1 is a cross-sectional diagram illustrating an embodiment (first embodiment) of a monolithic piezoelectric 
actuator serving as a monolithicpiezoelectric part, manufactured by the manufacturing method according to the present 
invention. 

25 [0035] The monolithic piezoelectric actuator is configured of a monolithic piezoelectric device, comprises a piezoe- 
lectric ceramic body 1 of which the primary component is lead zirconate titanate (Pb (Zi, Ti) 0 3 ; PZT) as the perpvskite 
compound oxide expressed by the general formula of AB0 3 , external electrodes 2 (2a, 2b) made of Ag or the like and 
formed with an L-shaped cross-sectional shape over the top and bottom face to the sides of the piezoelectric ceramic 
body 1, and internal electrodes 3 (3a through 3f) embedded within the piezoelectric ceramic body 1 in a parallel- 

30 opposed array. 

[0036] That is, with the rnonoHthic piezoelectric actuator, one end of the internal electrodes 3a, 3c, and 3e are elec- 
trically connected to one of the external electrodes, external electrode 2b } and one end of the internal electrodes 3b, 
3d, and 3f are electrically connected to the other external electrode 2a. The direction of polarization ot the monolithic 
piezoelectric actuator is perpendicular to the face of the internal electrodes 3, with each layer alternately polarized in 
35 the opposite direction. Then, by application of voltage between the external electrode 2a and 2b, the monolithic pie- 
zoelectric actuator is displaced in the longitudinal direction indicated by the arrow A due to piezoelectric transversal 
effects. 

[0037] Also, with the present embodiment, the internal electrodes 3 are formed of a mixture of Ad and Pg, prepared 
so that the ratio by weight of Ag to Pd is 70/30 to 95/5. 
^0 [0038] Note that the content of Ag is preferably prepared to be 80 wt% or greater from the perspective of increasing 
the inclusion amount of less expensive Ag to reduce costs, and the content of Ag is more preferably prepared to be 
85 wt% or greater. 

[0039] Next, the method for manufacturing the monolithic piezoelectric actuator will be described. 

[0040] First, as the ceramic raw material, a predetermined amount of Pb 3 0 4 , ZrO z and TE0 2 , and, if necessary, 
45 Nb 2 0 5: NiO f Sb 2 O s , W0 3l Ta 2 O s , Cr 2 0 3 , CoO and MgQ, is measured, and the measured material is placed in a ball 

mill with a pulverizing medium therein such as a zirconia ball or the like, mixed, and pulverized for 16 to 64 hours. 

Subsequently, the mixed powder is subjected to calcination at 800°C to 1 000°C, thereby making a PZT ceramic powder 

raw material of which the primary component is represented by the chemical formula of PB 0 950 ^ 0 995 (Zr, Ti) 0 3 , i.e., 

a piezoelectric ceramic powdered raw material (hereafter, referred to simply as "ceramic powder raw material") wherein 
so the molar quantity of Pb is reduced by 0.5 mol% to 5.0 mol% from that of the stoichiometric composition, 

[0041] Now, the reason that the molar quantity of Pb has been reduced by 0.5 mol% to 5.0 mol% from that of the 

stoichiometric composition, will be described below. 

[0042] As described later, the piezoelectric ceramic body 1 is formed by sintering a layered article formed of multiple 
piezoelectric ceramic layers and internal electrode layers introduced between the piezoelectric ceramic layers, and in 
55 the event that the thickness of each of the piezoelectric ceramic layers is reduced or the percentage of Ag contained 
as the electrode material which is the primary component of the internal electrode layers is increased, the amount of 
dispersion of Ag into the piezoelectric ceramic body 1 increases, which promotes formation of oxygen pores, to bring 
about reduction in the piezoelectric d constant. Also, in the event that sintering is performed in a low-oxygen atmosphere 
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to suppress dispersion of Ag into the piezoelectric ceramic body 1 , formation of oxygen pores is promoted in the same 
way, and thereby reduction in the piezoelectric d constant is brought about. 

[0043] However, in the event that the molar quantity of Pb is less than that of the stoichiometric composition, Pb 
pores are formed, so the Pb pores compensate for an oxygen pore generation reaction, which can suppress decrease 

5 in the piezoelectric d constant and deterioration in insulation resistance. 

[0044] In the event that Ihe reduction of moiar quantity of Pb is less than 0.5 mol%from thestoichiornelric composition, 
Pb pores enough to compensate for the oxygen pore generation reaction can not be formed, so the above effects are 
insufficient. On the other hand, in the event that the reduction of molar quantity of Pb exceeds 5.0 mo!% from the 
stoichiometric composition, the molar quantity of Pb contained is small, so the B site component may not be able to 

io remain dissolved and may precipitate, or the density of the piezoelectric ceramic body 1 which is the sintered article 
may be lost, causing reduction in the piezoelectric d constant instead. 

[0045] Accordingly, with the present embodiment, the molar quantity of Pb contained is reduced by 0.5 rnol% to 5.0 
mol% from that of the stoichiometric composition. 

[0046] Next, an organic binder and dispersant are added to the ceramic powder raw materia! thus generated, and a 
15 slurry is prepared with water as a solvent, and ceramic green sheets (hereafter, referred to simply as "ceramic sheets") 
are fabricated by the doctor blade method. 

[0047] Note that the ceramic sheets, which are formed 18 to 130 ujti thick, are preferably made to be as thin as 
possible in order to allow application of high field emission with a constant application voltage and to obtain great 
displacement, and 64 |xm or less (40 jxm or less in the thickness after sintering) is preferable from the perspective of 

20 obtaining a small and/or high-performance monolithic piezoelectric actuator. 

[0048] Next, screen printing is performed on the ceramic sheets with an electroconductive paste for internal elec- 
trodes prepared such that the ratio by weight of Ag as to Pd is 70/30 to 95/5 {preferably 80/20 or higher, and even 
more preferably 85/1 5 or higher). A predetermined number of the ceramic sheets upon which screen printing has been 
performed are layered, then sandwiched between ceramic sheets upon which screen printing has not been preformed, 

25 and compressed, so as to form a layered article. That is, a layered article is fabricated with internal electrode layers 
disposed between multiple piezoelectric ceramic layers. 

[0049] Next, the layered article is stored in an alumina case, subjected to degreasing, and then subjected to sintering 
processing at a sintering temperature of 950°C to 1080°C for 4 to 32 hours, with the oxygen concentration set to 5 
vol% or less but more than 0 vol%. 

30 [0050] The reason that the oxygen concentration has been controlled so as to be 5 vol% or lower is as follows. 

[0051] With the present embodiment, the molar quantity of Pb contained is reduced by 0.5 mol% to 5.0 mol% from 
that of the stoichiometric composition, so that Pb pores formed thereby compensate for the oxygen pore generation 
reaction, and decrease in the piezoelectric d constant can be avoided even in a low-oxygen atmosphere. However, 
even with a low oxygen concentration, tn the event that the oxygen concentration exceeds 5 vol%, the piezoelectric d 

35 constant deteriorates and grain growth occurs which aggravates the density of the sintered article in the event that the 
layers are made thinner or in the event that the percentage of Ag contained in the internal electrode material is in- 
creased, which can lead to deterioration in insulation reliability and in strength. 

[0052] Accordingly, with the present embodiment, the oxygen concentration is controlled at 5 vol% or Jess but more 
than 0 vol%, and preferably at 0.01 vol% or more but 1.0 vol% or less, for sintering. 
40 [0053] Subsequently, the piezoelectric ceramic body 1 has electroconductive paste for external electrodes applied 
on predetermined positions on the surface thereof, and sintered, so as to form the external electrodes 3, whereby the 
monolithic piezoelectric actuator is formed, 

[0054] Thus, with the present embodiment, a ceramic powder raw material wherein the primary component thereof 
is represented by the chemical formula of PB 0950 ^ 0 995 (Zr, 71) 0 3 Is generated by reducing the molar quantity of Pb 

45 contained by 0.5 mol%to 5.0 mol%from that of the stoichiometric composition, and by forming the piezoelectric ceramic 
body 1 with this ceramic powder raw material Pb pores can be formed. The Pb pores compensate for the dispersion 
of Ag and for the oxygen pores generated by sintering in the low-oxygen atmosphere, which suppresses decrease in 
the piezoelectric d constant and deterioration in insulation resistance, so a highly reliable monolithic piezoelectric ac- 
tuator with excellent piezoelectric properties can be manufactured. 

so [0055] Also, while decrease in the piezoelectric d constant and deterioration in insulation resistance can be sup- 
pressed by reducing the molar quantity of Pb contained by 0.5 mol% to 5.0 mol% from that of the stoichiometric com- 
position as described above, even more Pb pores can be formed by injecting a donor ion with a valence higher than 
that of Ti or Zr to the piezoelectric ceramic body 1 , which suppresses decrease in the piezoelectric d constant and 
deterioration in insulation resistance even more effectively. 

55 [0056] That is, with the B site component further containing ions other than 71 and Zr; Pb pores can be formed more 
effectively by injecting the donor ions to the piezoelectric ceramic body 1 so as to satisfy [Expression 3] , 
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[Expression 3] 



4.00OC 
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wherein the valence of ions M n (n = 1 , 2, 3, i) included in the B site component are represented as a n (n = 1, 
2, 3, i), and the moJar ratio of M n are represented as b n (n - 1 , 2, 3, „ M i), 

[0057] That is to say, by making the average valence of the B site component greater than quadrivalent, equal to 
that of the stoichiometric composition, Pb pores can be formed more effectively, and the Pb pores compensate for the 
dispersion of Ag and for the oxygen pores generated by sintering in the low-oxygen atmosphere, which suppresses 
decrease in the piezoelectric d constant and deterioration in insulation resistance even more effectively. 
[0058] More specifically, by using at least one type or more selected from Nb s+ , Sb 5 *, Ta 5 + and W 6+ , which have a 
greater valence than Ti 4 + or Zr 4 -*-, as donor ions, and injecting the donor ions into the piezoelectric ceramic body 1, 
part of the Zr for example is substituted with the donor ions to have a donor excess effect, which results in tormation 
of Pb pores, and the Pb pores compensate for the dispersion of Ag and the oxygen pores generated by sintering in 
the low-oxygen atmosphere, and thereby decrease in the piezoelectric d constant and deterioration in insulation re- 
sistance can be suppressed even more effectively. The effects are even greater when Nb 5+ is included as a donor ion, 
in particular, 

[0059] Also, a donor excess which is caused by injection into the piezoelectric ceramic body 1 , along with the above 
donor ions f a suitable amount of one or more types selected from Ni 2+ , Co 2+ , Mg 2+ and Cr 3 *, which have a valence 
lower than the above donor ions, is preferable, and particularly, use of Nlb 5+ and Ni 2+ in conjunction can suppress 
decrease in the piezoelectric d constant and deterioration in insulation resistance effectively, so an extremely high 
piezoelectric d constant can be obtained. 

[0060] Thus, making the average valence of the B site component greater than quadrivalent compared with the 
stoichiometric composition forms Pb pores effectively, and the Pb pores compensate for the dispersion of Ag and the 
oxygen pores generated by sintering in the low-oxygen atmosphere, whereby decrease in the piezoelectric d constant 
and deterioration in insulation resistance can be effectively suppressed. 

[0061 ] Now, the reason that the average valence of the B site component has been set to 4. 1 00 or less in the above 
Expression is that the sinterability deteriorates when the average valence is 4.1 00 or greater, and in the process of co- 
sintering with internal electrode materials containing a high percentage of Ag, insufficient sintering or deformation of 
the sintered article may occur at sintering temperatures where normal co-sintering can be performed. 
[0062] Also, the average valence of the B site component can be controlled by measuring a predetermined molar 
amount of the ions contained, in the form of metal oxides, along with the above-described ceramic raw material. 
[0063] That is to say, a predetermined molar quantity of one or more selected from together with Pb 3 0 4 , Zr0 2 , and 
Ti0 2 , Nb 2 0 5 , Sb 2 0 5 , Ta 2 O s , W0 3 (preferably including Nb 2 0 5 )and, if necessary, one or more selected from NiO, CoO, 
MgO, and Cr 2 0 3 , (preferably including NiO) is measured so as to set the averagg valence of the B site component to 
a predetermined value of quadrivalent or greater (but less than 4.1 00), and then by Ihe same method and procedures 
as described above a monolithic piezoelectric actuator wherein donor excess has been effected can be readily man- 
ufactured. 

[0064] Note that the present invention is not restricted to the above-described embodiment. While the above em- 
bodiment has been described with reference to an example of a monolithic piezoelectric actuator as the monolithic 
piezoelectric part, it is needless to say that this may be applied in the same manner to other monolithic piezoelectric 
parts such as piezoelectric audio emitters, piezoelectric sensors, and so forth, which require a high piezoelectric d 
constant, neither the layered structure, device shape, direction of displacement and force, polarization direction, and 
voltage application direction are restricted to the above embodiment, 

[0065] Fig. 2 is a cross-sectional diagram illustrating a monolithic piezoelectric audio emitter as a second embodiment 
of the monolithic piezoelectric part. 

[0066] The monolithic piezoelectric audio emitter has a monolithic piezoelectric device 4 and a diaphragm 5 bonded 
one to another. Also, the monolithic piezoelectric device 4 has external electrodes 7a and 7b formed on the surface of 
the piezoelectric ceramic body 6 of which PZT is the primary component, and further, internal electrodes 6a through 
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6c are embedded within the piezoelectric ceramic body 6 in a parallel-opposed array. 

[0067] The monolithic piezoelectric device 4 has one end of the internal electrodes 6a and 6c electrically connected 
to one of the external electrodes* external electrode 7b, and one end of the Internal electrode 6b is electrically connected 
to the other external electrode 7a. By application of voltage between the external electrode 7a and 7b, the monolithic 

5 piezoelectric device 4 is displaced in the longitudinal direction Indicated by the arrow B due to piezoelectric transversal 
effects, and this displacement causes excitation of flexion vibrations at the diaphragm 5, to emit sound. 
[0068] With this monoliLhic piezoelectric audio emitLer as well, manufacturing the piezoelectric ceramic body 6 by 
the above-described manufacturing method allows decrease in the piezoelectric d constant and deterioration in insu- 
lation resistance to be effectively suppressed, so a monolithic piezoelectric audio emitter with excellent refiability is 

to manufactured. 

[0069] Fig. 3 is a cross-sectional diagram illustrating a monolithic piezoelectric sensor as a third embodiment of the 
monolithic piezoelectric part. 

[0070] As in the first embodiment, the monolithic piezoelectric sensor is made up of the monolithic piezoelectric 
device and has external electrodes 1 0a and 1 0b formed on the surface of a piezoelectric ceramic body 9 of which PZT 
15 is the primary component, and further, internal electrodes 11a through 11 e are embedded within the piezoelectric 
ceramic body 9 in a parallel-opposed array. 

[0071] The monolithic piezoelectric sensor has one end of the internal electrodes 1 1a, 11c, and 11 e electrically 
connected to one of the external electrodes, external electrode 10b, and one end of the internal electrodes 11b and 
11 d electrically connected to the other external electrode 10a. Application of force in the direction indicated by the 
20 arrow C generates a charge between the external electrode 10a and the external electrode 10b due to piezoelectric 
longitudinal effects, and force is detected by this charge. 

[0072] With this monolithic piezoelectric sensor as well, manufacturing the piezoelectric ceramic body 9 by the above- 
described manufacturing method allows decrease in the piezoelectric d constant and deterioration in insulation resist- 
ance to be effectively suppressed, so a monolithic piezoelectric sensor with excellent reliability can be manufactured. 
25 [0073] Note that while the present embodiment uses the sheet method suitable for mass-production to form the 
layered article, the process for forming the layered article is not restricted to the sheet method. It is needless to say 
that similar effects can be obtained by using other layered article formation processes, such as print-laminating process 
or the (ike, for example. Embodiments 

[0074] Next, examples of the present invention will be described in detail. 

30 

First Embodiment 

[0075] The inventors prepared test pieces of monolithic piezoelectric parts with different composition ratios of ceramic 
powder raw materials (Examples 1 through 1 8 and Comparative examples 1 through 9), and evaluated the amount of 
35 Ag dispersion, piezoelectric d 31 consLanl, and insulation resistance. 

(Examples 1 through 3) 

[0076] First, PD3O4, TIO2, and Zr0 2 were prepared as ceramic raw material, and Pb 3 0 4 was measured such that 
40 the molar quantity of Pb contained making up the A site would be less than that of the stoichiometric composition by 
0.5 mol% to 5.0 rnol%, while Ti0 2 and Zr0 2 were measured such that the molar quantity contained in Ti and Zr making 
up the B site would be 44.5 to 45.5 mol% and 54.5 to 55.5 mol%, respectively. Next, the measured materials were 
placed in a ball mill with a zirconia ball therein as a pulverizing medium : mixed and pulverized for 1 6 to 64 hours, and 
then the obtained mixed powder was subjected to calcination at 800°C to 1000°C, to make a ceramic powder raw 
45 material. 

[0077] Next, an organic binder and dispersant was added to the ceramic powder raw material, a slurry was prepare J 
with water as a solvent, and ceramic sheets 40 jxm in thickness were fabricated by the doctor blade method. 
[0078] Next, screen printing was performed on the ceramic sheets with an electroconductive paste for internal elec- 
trodes prepared such that the ratio by weight of Ag to Pd is 85/15, the predetermined number of the ceramic sheets 

50 upon which screen printing has been performed were layered, then sandwiched between ceramic sheets upon which 
screen printing has not been preformed, and compressed, so as to form a layered article with 4 to 20 layered sheets. 
Next, the layered article was stored in an alumina case, subjected to degreasing, and then subjected to sintering 
processing at a sintering temperature of 1020°C for 4 to 32 hours, with the oxygen concentration set to 0.2 vol%, so 
a ceramic sintered article 0.1 to 0.5 mm in total thickness was fabricated. 

55 [0079] Next, the ceramic sintered article was diced into 3 mm vertically and 13 mm horizontally, and external elec- 
trodes were formed with the electroconductive paste for external electrodes, and then polarization processing was 
performed for 5 to 30 minutes in an insulating oil at 40 to 80°C with an electric field of 2 to 3 kV applied, to fabricate 
the test pieces for the Examples 1 through 3. 
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(Examples 4 through 7) 

[0080] First, Pb 3 0 4j TS0 2: Zr0 2l and Nb 2 Q 5 were prepared as ceramic raw material, and Pb 3 0 4 was measured such 
that the molar quantity of Pb contained would be iess than that of the stoichiometric composition by 0.5 mol% to 5,0 
s mol%, and Ti0 2 , Zr0 2 and Nb 2 O s were measured such that the molar quantity of T\ t Zr, and Nb contained making up 
the B siLe would be 44.0 lo 45.0 mol%, 54.0 to 55.0 mof%, and 1 ,0 mol%, respectively, then Ihey were subjected Lo 
weL mixing pulverization, and Lo calcination, to make a ceramic powder raw material with an average valence of the B 
site at 4.010. 

[0081] Subsequently, test pieces for Examples 4 through 7 were fabricated by the same method and procedures as 
10 for the above Examples 1 through 3. 

(Examples 8 through 14) 

[0082] Pb 3 0 4 , Ti0 2 , Zr0 2 , Nb 2 O s and NiO were prepared as ceramic raw material, and Pb 3 0 4 was measured such 
15 that the molar quantity of Pb contained would be less than that of the stoichiometric composition by 0.5 mol% to 5.0 
mol%, and Ti0 2 , Zr0 2 Nb 2 0 5 , and NiO were measured such that the molar quantity of Ti, Zr, Nb, and Ni contained 
making up the B site would be 38.0 to 39.0 mol%, 35.5 to 36.5 mof%, 1 7.0 lo 1 7.3 mol%, and 8.2 to 8,5 mol%, respec- 
tively, then they were subjected to wet mixing pulverization, and to calcination, to make a ceramic powder raw material 
with an average valence of the B site between 4.000 and 4.009. 
20 [0083] Subsequently, ceramic sheets were fabricated with the same method and procedures as for the above Ex- 
amples 1 through 3, screen printing was performed on the ceramic sheets with an electroconductive paste for internal 
electrodes prepared such that the ratio by weight of Ag to Pd was 90/10, to form a layered article. Next, the layered 
article was stored in an alumina case, subjected to degreasing, and then to sintering processing at a sintering temper- 
ature of 980°C for 4 to 32 hours, with the oxygen concentration set to 0,2 vol%, thereby a ceramic sintered article was 
25 fabricated. 

[0084] Subsequently, test pieces for Examples 8 through 14 were fabricated by the same method and procedures 
as for the above Examples 1 through 3. 

(Examples 15 through 18) 

$o 

[0085] Pb 3 0 4 , Ti0 2 , Zr0 2 , Nb 2 0 5 , NiO, Sb 2 0 5 , Ta 2 0 5 , W0 3 , Cr 2 0 3 , CoO and MgO were prepared as ceramic raw 
material, Pb 3 0 4 was measured such that the molar quantity of Pb contained would be less than that of the stoichiometric 
composition by 0.5 to 1 .5 mol% ; and 710 2 , Zr0 2 , Nb 2 0 5 , NiO, Sb 2 0 5 , Ta 2 O s , W0 3 , Cr 2 0 3 , CoO, and MgO were meas- 
ured such that the molar quantity of Ti, Zr, Nb, Ni, Sb, Ta, W, Cr, Co, and Mg contained making up the B site would be 
' 35 34.0 to 39.0 mol%, 16.0 to 35.5 mol%, 13.0 to 35,0 mol%, 6.0 to 15.0 mot%, 0 to 3.3 mol%, 0 to 0.5 mol%, 0 to 0.8 
mol%, 0 to 2.2 mol%, 0 to 0.6 mol%, and 0 to 0.6 mol%, respectively, then they were subjected to wet mixing pulver- 
ization, and to calcination, to make a ceramic powder raw material with an average valence of the B site between 4.031 
and 4.050. 

[0086] Subsequently, ceramic sheets were fabricated by the same method and procedures as in the above Examples 
40 1 through 3, screen printing was performed on the ceramic sheets with an electroconductive paste for internal electrodes 
prepared such that the ratio by weight of Ag to Pd was 80/20 to 85/1 5, to form a layered article. Next, the layered article 
was stored in an alumina case, subjected to degreasing, and then to sintering processing at a sintering temperature 
of 1020 to 1040°C for 4 to 32 hours, with the oxygen concentration set to 0.2 vol%, to fabricate a ceramic sintered article. 
[0087] Subsequently, test pieces for Examples 15 through 18 were fabricated by the same method and procedures 
^5 as in the above Examples 1 through 3. 

(Comparative examples 1 and 2) 

[0088] Test pieces for Comparative examples 1 and 2 were fabricated by the same method and procedures as in 
50 Examples 1 through 3, except that the molar quantity of Pb contained was the same as that of the stoichiometric 
composition or less than that of the stoichiometric composition by 8 mol%. 

(Comparative examples 3 and 4) 

55 [0089] Test pieces for the Comparative examples 3 and 4 were fabricated with the same method and procedures as 
for the Examples 4 through 7, except that the molar quantity of Pb contained was the same as that of the stoichiometric 
composition or less than that of the stoichiometric composition by 8 mol%. 
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(Comparative examples 5 through 8) 

[0090] Test pieces for Comparative examples 5 through 8 were fabricated by the same method and procedures as 
in Examples 8 through 14, except that the molar quantity of Pb contained was the same as that of the stoichiometric 
5 composition or less than that of the stoichiometric composition by 8 mol%. 

(Comparative example 9) 

[0091 ] A test piece for Comparative example 9 was fabricated by the same method and procedures as in Examples 
10 15 through 18, except that the molar quantity of Pb contained was that of the stoichiometric composition, and the 
amount of Nb and Ni contained was 36.7 mol% and 13.3 mol% respectively, and the average valence of the B site was 
set to 4,101. 

[0092] Next, the inventors measured the amount of Ag dispersed into the ceramic body, the piezoelectric d 31 constant, 
and the resistivity logp for each test piece. 
15 [0093] Measurement of the dispersion amount of Ag was performed by quantitative analysis by an X-ray micro- 
analyzer (Wave Dispersive X-ray; hereafter referred to as "WDX") Measurement of the amount of Ag contained in the 
analysis region was performed by an analytical curve created by use of a sample where the amount of Ag contained 
is known. 

[0094] The piezoelectric d 31 constant was measured by the resonance-antiresonance method, with an impedance 
20 analyzer (Model HP41 94, manufactured by Hewlett-Packard Company). 

[0095] The resistivity logp was calculated by measurement of the insulation resistance by applying a DC electric field 
of 1 00 to 300 V/mm for 30 seconds to 1 minute at a temperature of 25°C, with an Ultra-High Resistance/Micro Current 
Meter (Model R8240A, manufactured by Advantest Corporation),. 

[0096] Table 1 illustrates the component compositions of the Examples 1 through 18 and Comparative examples 1 
25 through 9, and Table 2 illustrates the sintering temperature, oxygen concentration in the atmosphere at the time of 
sintering, the ratio by weight of Ag to Pd which are the internal electrode material, the thickness of the ceramic sheets, 
the thickness of each unit ceramic layer after sintering, and the results of the above measurement. 

30 Table 1 
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Examples 


Comparative Examples 



[0097] For the thickness of each unit ceramic layer, the average value was calculated through observation of the 
cross-sectional surface of the ceramic sintered article after sintering with an optical microscope. 
[0098] As can be clearly understood from Tables 1 and 2, in Comparative examples 1,3,5 and 7, the molar quantity 
of Pb contained is the same as that of the stoichiometric composition (1 00 mol%), so although oxygen pores are formed, 
no Pb pores for compensating for the oxygen pores are formed, and accordingly the piezoelectric d 3t constant is low 
at 96 to 132 pC/N, and the resistivity logp is less than 11 .0 12 -cm, with deterioration in insulation resistance observed. 
[0099] Also, with Comparative examples 2 : 4 T 6 and 8, the molar quantity of Pb contained has been excessively 
reduced by 8 mol% from that of the stoichiometric composition, and the piezoelectric d 31 constant is low at 78 to 120 
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pC/M. It is thought that Ti, Zr, Nb, and Ni composing the B site component was not able to remain dissolved and 
precipitated due to an excessive reduction in molar quantity of Pb, or the density of the sintered article was lost due 
to the reduction in the amount of Pb, which caused reduction in the piezoelectric a^-j constant. 

[0100] Further, in Comparative example 9, the average valence of the B-site was 4.101 , meaning a donor excess, 
5 ' and/or the molar quantity of Pb contained is the same as that of the stoichiometric composition {1 00 mol%), so defor- 
mation after sinLering was serious and sintering was insufficient to the extent that its evaluation was impossible, 
[0101] On Lhe other hand, in Examples 1 through 18, the molar quantity of Pb contained has been reduced by 0.5 
mol% to 5.0 mol% from that of the stoichiometric composition, so the piezoelectric d 31 constant was high at 1 38 to 254 
pC/Nf, and the resistivity Jogp also showed excellent insulation resistance at 11 .0 to 11.7 £2 -cm. 
10 [0102] Particularly, as can be clearly understood from the comparisons between Examples 1 through 3 and Examples 
4 through 7, in Examples 4 through 7 where Nb was added, in spite of some increases in dispersion of Ag, the average 
valence of the B site was 4.010, meaning a donor excess, so the number of Pb pores increases according to the 
reduction in the molar quantity of Pb contained, and thereby the oxygen pores generated by sintering in the low-oxygen 
atmosphere and the dispersion of Ag are readily compensated for by the Pb pores, Accordingly, a high piezoelectric 
15 d 31 constant as well as excelient insulation resistance can be obtained even in cases wherein a relatively high amount 
of dispersion of Ag is expected. 

[0103] Also, as can be clearly understood from the comparisons between Examples 1 through 3 and Examples 8 
through 10 t in the event that the molar quantity of Pb contained is the same and the average valence of the Bsite Is 
4.000 which is same as the stoichiometric composition, the case where Nb and Ni are included proved to obtain a 

20 higher piezoelectric d 31 constant and excellent insulation resistance. 

[0104] Also, as can be clearly understood from the comparisons between Examples 8 through 10 and Examples 11 , 
12, and 14, in the event that the molar quantity of Pb contained is the same, the case where Nb and Ni were included 
and also the average valence of the B site was increased beyond 4.000 which is the same as the stoichiometric com- 
position has a greater effect of Nb and Ni, which was confirmed by improvement in the piezoelectric d 31 constant, in 

25 spite of some increases in the amount of dispersion of Ag. 

[0105] It was further configured from Examples 15 and 16 that in cases of including Sb, Ta and W as donor ions 
besides Nb, or in case of including Cr, Co, and Mg as acceptor ions besides Ni, the same effects as above could be 
obtained. Further, it was confirmed from Examples 1 7 and 1 8 that the same effects could be obtained in cases of further 
increasing the inclusion amount of Nb and Ni. Second Embodiment 

30 [0106] The inventors fabricated test pieces of the monolithic piezoelectric part in the same way as with the first 
embodiment using the ceramic powder raw material of the same composition as with Example 12 and Comparative 
example 5, changing the oxygen concentration of the sintering atmosphere in various ways, 

(Examples 21 through 25) 

35 

[0107] Ceramic sheets were fabricated with the same method and procedures as in the first embodiment with the 
ceramic powder raw material of the same composition as in Example 12, and screen printing was performed on the 
ceramic sheets with an electroconductive paste for internal electrodes prepared such that the ratio by weight of Ag to 
Pd was 90/1 0, and then a layered article was formed. Next, the layered article was stored in an alumina case, subjected 
40 to degreasing, and then subjected to sintering processing at a sintering temperature of QSO^C for 4 to 32 hours, with 
the oxygen concentration set to 0.01 to 5.0 vol%, and thereby a ceramic sintered article was fabricated. 
[0108] Subsequently, test pieces for Examples 21 through 25 were fabricated by the same method and procedures 
as in the first embodiment. 

45 (Comparative examples- 21 and 22) 

[0109] Test pieces for Comparative examples 21 and 22 were fabricated with the ceramic powder raw material of 
the same composition as in Examples 21 through 25, by sintering with the oxygen concentration at 1 0.0 vol% and 21 .0 
vol%, respectively. 

50 

(Comparative examples 23 through 28) 

[0110] Ceramic sheets were fabricated by the same method and procedures as in the first embodiment with the 
ceramic powder raw material of the same composition as in Comparative example 5, and screen printing was performed 
55 on the ceramic sheets with an electroconductive paste for internal electrodes prepared so that the ratio by weight of 
Ag to Pd was 90/10, to form a layered article. Next, the layered article was stored in an alumina case, subjected to 
degreasing, and then test pieces for Comparative. examples 23 through 28 were fabricated by the same method and 
procedures as in Examples 21 through 24, with the oxygen concentration set to 0.05 to 21 .0 vol%. 
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[0111] Next, the inventors measured, as in the first embodiment, the amount of Ag dispersion into the ceramic body, 
the piezoelectric d 31 constant, and the resistivity logp, for each test piece. Further, the average grain diameter was 
calculated by the intercept method through observation of the cross-sectional surface of the ceramic sintered article 
after sintering with a scanning electron microscope. 
5 [01 12] Table 3 illustrates the sintering temperature, oxygen concentration in the atmosphere at the time of sintering, 
the ratio by weighL Ag/Pd of the internal electrodes, the Lhickness of the ceramic sheeLs, the thickness of each unit 
ceramic layer after sintering, and the results of the above measurement, in Examples 21 through 25 and Comparative 
examples 21 through 28. 

10 

Table 3 
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Examples 


Comparative Examples 



[0113] As can be clearly understood from Table 3 f in Comparative examples 21 and 22, the molar quantity of Pb 
contained is reduced by 2 mol%, so the piezoelectric d 31 constant is relatively good, but the oxygen concentration is 
high at 1 0.0 vol% and 21 ,0 vol%, respectively, so the piezoelectric d 31 constant is lower in comparison with Examples 
21 through 25. Also, grain growth was observed, and decrease in insulation resistance was confirmed by the result 
that the resistivity logp was less than 1 1 .0 Q-cm,. 
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[0114] In Comparative examples 23 through 26, the molar quantity of Pb contained is the same as that of the stoi- 
chiometric composition, and moreover, sintering is performed within a low-oxygen atmosphere, so generation of oxygen 
pores is promoted, and decrease in piezoelectric d 31 constant was observed. 

[0115] Further, in Comparative examples 27 and 28, the oxygen concentration is high at 10.0 vol% and 21.0 vol%, 
5 respectively, so grain growth was observed as in Comparative examples 21 and 22, and decrease in insulation resist 1 
ance was confirmed by the result Lhai the resistivity logp was less than 11 .Oftcm. 

[0116] On Ihe other hand, it was confirmed that in Examples 21 through 25, where the molar quanLily of Pb contained 
is reduced by 2 mot%, and moreover sintering is performed in a low-oxygen atmosphere of 0.O1 to 5.0 vol%, a good 
piezoelectric d 31 constant can be obtained, and also, decrease in the insulation resistance can be suppressed. Par- 
10 ticularly, it was confirmed that the piezoelectric d 31 constant and insulation resistance were especially excellent in case 
of sintering in a low-oxygen atmosphere of less than 1.0 vol%. Third Embodiment 

[0117] The inventors fabricated test pieces of the monolithic piezoelectric part in the same way as in the first em- 
bodiment with the ceramic powder raw material of the same composition as in Example 1 2 and Comparative example 
5, by changing the Ag/Pd weight ratio of the internal electrodes in various ways. 

15 

(Examples 31 through 35) 

[0118] Ceramic sheets with a thickness of 32 u.m were fabricated : as in the second embodiment, with the ceramic 
powder raw material of the same composition asjn Example 12 ? and screen printing was performed on the ceramic 
20 sheets with an electroconductive paste for jnternai electrodes prepared so that the ratio by weight of Ag to Pd was 
95/5 to 70/30, to form a layered article. Next, the layered article was stored in an alumina case, subjected to degreasing, 
and then to sintering processing at a sintering temperature of 950 to 1 080°C for 4 to 32 hours, with the oxygen con- 
centration set to 0.2 vol%, and thereby a ceramic sintered article with a unit ceramic layer thickness following sintering 
of 20 u,m was fabricated. 

25 [0119] Subsequently, test pieces for Examples 31 through 35 were fabricated in the same way as in the first embod- 
iment. 

(Comparative Examples 31 through 35) 

30 [0120] Ceramic sheets with a thickness of 32 |im were fabricated by the same method and procedures as in the 
second embodiment with the ceramic powder raw material of the same composition as in Comparative example 5, and 
screen printing was performed on the ceramic sheets with an electroconductive paste for internal electrodes prepared 
so that the ratio by weight Ag to Pd was 95/5 to 70/30, to form a layered article. Next, the layered article was stored 
in an alumina case, subjected to degreasing, and then to sintering processing at a sintering temperature of 950 to 

35 1080°C for 4 lo 32 hours, with the oxygen concentration set to 21 .0 vol% f and thereby a ceramic sintered article was 
fabricated. 

[0121] Subsequently, test pieces for Comparative Examples 31 through 35 were fabricated in the same way as in 
the first embodiment. 

[0122] Next, as in the second embodiment, the inventors measured the amount of Ag dispersion into the ceramic 
40 body, the piezoelectric d 31 constant, the resistivity logp, and the grain diameter after sintering. 

[0123] Table 4 illustrates the sintering temperature, oxygen concentration in the atmosphere at the time of sintering, 
the ratio by weight of Ag to Pd, the thickness of the ceramic sheets, the thickness of each unit ceramic layer after 
sintering, and the results of the above measurement, in Examples 31 through 35 and Comparative examples 3 1 through 
35. 

45 

Table 4 
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Examples 


Comparative 
Examples 



[0124] As can be clearly understood from Table 4, it was confirmed that in Comparative examples 31 through 35, 
where the molar quantity of Pb contained is the same as that of the stoichiometric composition, the piezoelectric d 31 
constant is relatively good when the percentage of Ag contained in the internal electrodes is lowered, but the amount 
of Ag dispersion increases and deterioration in the piezoelectric d 31 constant becomes serious in case of increasing 
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the percentage of Ag contained. It was also confirmed that increasing the percentage of Ag contained causes grain 
growth and deterioration in insulation resistance. 

[0125] On the other hand, it was confirmed that with the Examples 31 through 35, where the molar quantity of Pb 
contained is reduced by 2 mol% from the stoichiometric composition, a high piezoelectric d 31 constant of 217 to 240 

5 pC/N could be obtained without dependence on the percentage of Ag contained in the internal electrodes. Particularly, 
il was confirmed thai in Examples 31 through 34 wherein Ihe weight ratio Ag/Pd was 80/20 or more, Ihe piezoelectric 
d 3n consLanL was markedly improved in comparison with the Comparative examples 31 through 34 wherein the weight 
ratio was the same as in the above examples. Moreover, it was confirmed that in Examples 31 through 33 wherein the 
weight ratio Ag/Pd was 85/1 5 or more, the piezoelectric d 31 constant was even more markedly improved in comparison 

to with the Comparative examples 31 through 33 wherein the weight ratio was the same as in the above examples, and 
the insulation resistance was also improved markedly. This shows that the Pb pores generated by reduction in the 
molar quantity of Pb contained and a donors excess compensate for the oxygen pores generated by increase in dis- 
persion of Ag and sintering in a low-oxygen atmosphere, so the piezoelectric d 31 constant and the insulation resistance 
can be markedly improved even in the event that the percentage of Ag contained in the internal electrodes is high. 

is [0126] In addition, it was further confirmed that the grain diameter in Examples 31 through 35 was 1 .8 to 3.6 urn, 
which was finer than the grain diameter in Comparative examples 31 through 35. 

Fourth Embodiment 

20 [0127] The inventors fabricated test pieces of the monolithic piezoelectric part in the same way as in the first em- 
bodiment with the ceramic powder raw material of the same composition as in Example 1 2 and Comparative example 
5, to fabricate ceramic sheets with different in thickness, 

(Examples 41 through 44) 

25 

[0128] Ceramic sheets in a thickness of 18 to 130 u,m were fabricated by the same method and procedures as in 
the second embodiment with the ceramic powder raw material of the same composition as in Example 12, and screen 
printing was performed on the ceramic sheets with an electroconductive paste for internal electrodes prepared so that 
the ratio by weight of Ag to Pd was 90/1 0, to form a layered article, of which the number of layers was between 4 to 
30 30. Next, the layered article was stored in an alumina case, and subjected to degreasing and sintering processing at 
a sintering temperature of 980°C for 4 to 32 hours, with the oxygen concentration set to 0.1 vol 0 /*, to fabricate a ceramic 
sintered article with unit ceramic layers of 12 to 80 ujti after sintering. 

[0129] Subsequently, test pieces for Examples 41 through 44 were fabricated in the same way as in the first embod- 
iment. 

35 

(Comparative Examples 41 through 44) 

[0130] Ceramic sheets in a thickness of 18 to 130 jam were fabricated by the same method and procedures as in 
the second embodiment with the ceramic powder raw material of the same composition as in Comparative Example 

40 5, and screen printing was performed on the ceramic sheets with an electroconductive paste for internal electrodes 
prepared so that the ratio by weight of Ag to Pd was 90/1 0, to form a layered article of which the number of layers was 
between 4 to 30. Next, the layered article was stored in an alumina case, and subjected to degreasing and sintering 
processing at a sintering temperature of 980°C for 4 to 32 hours, with the oxygen concentration set to 21 .0 vol%> to 
fabricate a ceramic sintered article with unit ceramic layers of 12 to 80 u.m. 

45 [0131] Subsequently, test pieces for Comparative Examples 41 through 44 were fabricated in the same way as in 
the first embodiment. 

[0132] Next, as in the second embodiment, the inventors measured the amount of Ag dispersion into the ceramic 
body, the piezoelectric d 31 constant, the resistivity iogp, and the grain diameter after sintering. 

[01 33] Table 5 illustrates the sintering temperature, oxygen concentration in the atmosphere at the time of sintering, 
50 the ratio by weight of Ag to Pd, the thickness of the ceramic sheets, the thickness of each unit ceramic layer after 
sintering, and the results of the above measurement, in Examples 41 through 44 and Comparative examples 41 through 
44. 
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Comparative 
Examples 



[0134] As can be clearly understood from Table 5, it has been found that in Comparative examples 41 through 44, 
where the molar quantity of Pb contained is the same as that of the stoichiometrfc composition, a relatively good 
piezoelectric d 31 constant can be obtained when the unit ceramic layer after sintering (or the ceramic sheet) is enough 
thick, but the amount of dispersion of Ag increases and the piezoelectric d 31 constant is markedly deteriorated according 
to reduction in the thickness of the unit ceramic layer (or thickness of the ceramic sheet). Also, it has been confirmed 
that according to reduction in the thickness Df the unit ceramic layer (or the thickness of the ceramic sheet), grain 
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growth becomes remarkable, and insulation resistance drops. 

[01 35] On ihe other hand, in Examples 41 through 44, it was confirmed that a high piezoelectric d 31 constant of 209 
to 230 pC/N could be obtained, without dependence on the thickness of the unit ceramic layer (or thickness of the 
ceramic sheet). Particularly, in Examples 42 through 44 wherein the thickness of the unit ceramic layer was 40 ^im or 
less (or the thickness of the ceramic sheet was 64 p.m or less), It was confirmed that the piezoelectric d 31 constant and 
the insulation resistance was markedly improved in comparison with Comparalive examples 42 through 44 wherein 
the thickness of the uniL ceramic layer (or thickness or the ceramic sheet) was the same as in the above examples. 
This shows that while dispersion of Ag is suppressed due to sintering in a low-oxygen atmosphere, the Pb pores 
generated by reduction in the molar, quantity of Pb contained and a donor excess compensate for the oxygen pores 
generated by increase in dispersion of Ag and sintering in a low-oxygen atmosphere, so the piezoelectric d 3l constant 
and the insulation resistance can be markedly improved. 

[0136] It was further confirmed that the grain diameter in Examples 41 through 44 was 1 .8 to 2.9 p.m } which was finer 
than the grain diameter in Comparative examples 41 through 44. 



1. A method for manufacturing a monolithic piezoelectric part which has a plurality of piezoelectric ceramic layers 
and internal electrode layers disposed with said piezoelectric ceramic layers introduced therebetween, wherein 
said piezoelectric ceramic making up said piezoelectric ceramic layers is formed of a perovskite compound oxide 
expressed by the general formula of AB0 3f and contains at least Pb for the A site component and at least Ti for 
the B site component; said method comprises: 

a powdered raw material generation step for generating a piezoelectric ceramic powdered raw material wherein 
the molar quantity of said A site component has been reduced by 0.5 mol% to 5.0 mol% from that of the 
stoichiometric composition; 

a layered article fabrication step for fabricating a layered article with said piezoelectric ceramic powdered raw 
material; and 

a sintering step for subjecting said layered article to sintering processing within an atmosphere wherein the 
oxygen concentration is 5% by volume or less but more than 0% by volume, 

2. A method for manufacturing a monolithic piezoelectric part according to Claim 1 , wherein, in said powdered raw 
material generating step, the ceramic raw material making up said A site component and the ceramic raw material 
making up said B site component are combined so that the average valence of said B site component is greater 
than that or the stoichiometric composition. 

3. A method for manufacturing a monolithic piezoelectric part according to Claim 2, wherein said B site component 
further contains 71, Zr, and ions other than Ti and Zr; 

and wherein said piezoelectric ceramic powdered raw material is generated by controlling the average va- 
lence of said B site component so as to satisfy Expression 1 



wherein the valence of ions M n (n - 1 , 2, 3 i) included in sard B site component is represented as a n (n 

= 1, 2, 3, i), and the molar ratio of said M n is represented as b n (n = 1., 2, 3, i). 

4. A method for manufacturing a monolithic piezoelectric part according to any of the Claims 1 through 3, wherein, 



Claims 



[Expression 1 ] 
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in said powdered raw material generation step, the molar quantity of Pb included in said A site component has 
been reduced by 0.5 mol% to 5.0 mol% from that of the stoichiometric composition. 

5. A method for manufacturing a monolithic piezoelectric part according to any of the Claims 1 through 4, wherein 
said B site component further contains Nb. 

6. A melhod Tor manufacturing a monolithic piezoelectric pari according to any of the Claims 1 through 4 t wherein 
said B site component further contains Nb and Ni, 

7. A method for manufacturing a monolithic piezoelectric part according to any of the Claims 1 through 4 : wherein 
said B site component further contains at ieast one or more components seEccted from Nb, Sb, Ta and W. 

8. A method for manufacturing a monolithic piezoelectric part according to Claim 7, wherein said B site component 
further contains at least one or more components selected from Ni, Cr, Co and Mg, 

9. A method for manufacturing a monolithic piezoelectric part according to any of the Claims 1 through 8 : wherein 
said layered article fabrication step comprises a ceramic green sheet fabrication step for forming said piezoelectric 
ceramic powdered raw material into a sheet form so as to fabricate a ceramic green sheet, a step for forming an 
electrode pattern on said ceramic green sheet with an electroconductive paste for internal electrodes, and a step 
for layering ceramic green sheets upon which said electrode patterns have been formed so as to form a layered 
article. 

10. A method for manufacturing a monolithic piezoelectric part according to any of the Claims 1 through 9 S wherein 
said electroconductive paste contains Ag as a primary component. 

11. A monolithic piezoelectric part, manufactured by a method according to any of the Claims 1 through 1 0, 
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FIG. 1 




FIG. 2 




. m~7A 1 ~7 AO 1 



22 



EP 1 387 417 A2 



FIG. 3 
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